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We report the observation of optical second harmonic generation (SHG) in single-layer indium
selenide (InSe). We measure a second harmonic signal of > 103 cts/s under nonresonant excitation
using a home-built confocal microscope and a standard pulsed pico-second laser. We demonstrate
that polarization-resolved SHG serves as a fast, non-invasive tool to determine the crystal axes in
single-layer InSe and to relate the sharp edges of the flake to the armchair and zigzag edges of
the crystal structure. Our experiment determines these angles to an accuracy better than ± 0.2◦.
Treating the two-dimensional material as a nonlinear polarizable sheet, we determine a second-
order nonlinear sheet polarizability |χ(2)sheet| = (17.9 ± 11.0) × 10−20 m2 V−1 for single-layer InSe,
corresponding to an effective nonlinear susceptibility value of |χ(2)eff | ≈ (223 ± 138)× 10−12 m V−1
accounting for the sheet thickness (d ≈ 0.8 nm). We demonstrate that the SHG technique can also be
applied to encapsulated samples to probe their crystal orientations. The method is therefore suitable
for creating high quality van der Waals heterostructures with control over the crystal directions.
Since the re-discovery of graphene, two-dimensional
(2D) materials, such as atomic layers of transition metal
dichalcogenides (TMDCs) (e.g. MoS2, MoSe2, WS2 and
WSe2) and III-IV compounds (e.g. GaS, GaSe) have
attracted great attention in materials research on ac-
count of their tunable electronic and optical properties
[1, 2]. The ability to combine the 2D layers with hexag-
onal boron nitride (h-BN) and few-layer graphene offers
an opportunity of creating high-performance, 2D opto-
electronic devices [3, 4].
The desire to stack different 2D materials with precise
control over the twist angle [5–8] creates a need for a fast,
non-invasive tool to probe the underlying crystal symme-
tries and crystallographic orientations. Nonlinear optical
techniques, such as second harmonic generation (SHG),
provide insight into the properties of surfaces or inter-
faces [9], particularly among non-centrosymmetric mate-
rials. In general, under an incident electric field E(ω)
with fundamental angular frequency ω, the second-order
nonlinear polarization is determined by a third-rank elec-
tric susceptibility tensor
χ(2) : Pi(2ω) = 0χ
(2)
ijk(2ω;ω, ω)Ej(ω)Ek(ω) (1)
resulting in the creation of SHG. The second-order non-
linearities of a material can be probed by impinging
intense linearly polarized light at angular frequency ω
onto its surface and measuring the generated outgoing
response at 2ω through an analyzer. By using different
polarization combinations and/or by varying the orienta-
tion of the interface with respect to the incoming beam,
different components of χ(2) can be determined, giving
information about the structural symmetry of the mate-
rial as well as the strength of various nonlinear processes.
SHG has been observed in single- and few-layer TMDCs,
such as MoS2 [10, 11] and WS2 [12], and has been used to
align the crystal axes of various TMDCs in order to create
high-quality heterobilayers with strong interlayer exciton
emission [13, 14]. However, TMDC flakes with an even
number of layers exhibit inversion symmetry, resulting in
a vanishing second-order nonlinearity (χ(2) = 0) which
prevents the observation of SHG for all layer thicknesses.
Among the large family of van der Waals (vdW) crys-
tals, indium selenide (InSe) has emerged as a promising
2D semiconductor due to its highly tunable optical re-
sponse in the near-infrared to the visible spectrum [15]
and its high electron mobilities at room and liquid-helium
temperatures allowing the quantum Hall effect to be ob-
served [16]. Similar to the TMDCs, single-layer InSe be-
longs to the non-centrosymmetric D3h (6¯m2) point group
with only one independent non-zero second-order nonlin-
ear susceptibility tensor element. The susceptibility com-
ponents satisfy χ
(2)
xxx = −χ(2)xyy = −χ(2)yyx = χ(2)yxy with x
along the armchair direction (Fig. 1 (right)) [9]. In con-
trast, the specific stacking order in bulk and few-layer
InSe breaks the mirror-plane symmetry characteristic of
single-layer InSe, thus maintaining broken inversion sym-
metry for all layer thicknesses. This provides an opportu-
nity to investigate nonlinearities in thin InSe films layer-
by-layer. The dependence of polarization-resolved SHG
on the crystallographic axes further opens up an optical
means of characterizing the crystal structure and orienta-
tion of the thin InSe films. Indeed, observations of SHG
in relatively thin InSe sheets (from 9 to 25 nm) with
even and odd number of layers have been reported re-
cently [17]. However, in the single-layer limit and under
non-resonant condition, it remains elusive whether SHG
signal can still be detected. In this Letter, we present
SHG from encapsulated single- and few-layer InSe with
the aim of determining the crystal axes and estimating
the effective second-order nonlinear susceptibility of the
single-layer.
Thin unprotected InSe films have optical properties
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FIG. 1. Left: Optical image of the InSe flake. The indicated
layer thicknesses were determined by optical contrast and ver-
ified by atomic force microscopy and photoluminescence mea-
surements. Second harmonic generation measurements were
carried out on the parts of the InSe flake which are fully en-
capsulated in h-BN. The device consists of SiO2 (290 nm)/h-
BN (46 nm)/InSe/h-BN (8 nm). Right: Schematic of the
InSe crystal structure (top and side view). Purple and or-
ange spheres correspond to indium (In) and selenium (Se)
atoms, respectively.
which deteriorate over time, interpreted as a gradual
degradation of the crystal due to interaction with oxygen
and water in the atmosphere [16, 18]. Thus, to protect
the material from the interaction with the environment,
we employed exfoliation and subsequent encapsulation of
single- and few-layer InSe in an inert (argon) atmosphere.
The resulting InSe structures are stable under ambient
conditions even in the single-layer limit [19]. Fig. 1 (left)
shows an optical image of the sample used to investigate
the SHG response of thin InSe flakes. Layers of differ-
ent thickness and single-layer steps (≈ 0.8 nm) have been
identified by atomic force microscopy and photolumines-
cence measurements.
SHG spectroscopy was performed at room tempera-
ture using a home-built, confocal microscope setup. The
optical pulse, centered at a wavelength of 810 nm, was
obtained from a Ti:Sapphire laser with 76 MHz repeti-
tion rate. All the spectral components of the ∼ 150 fs
pulse were retained; dispersion in the optical fiber con-
necting the laser source to the microscope stretches the
pulse to the pico-second domain at the sample (intensity
FWHM 35.9 ps). The laser (average power 3.2 mW) was
focused to a spot size of about 1.5 µm on the sample
by a microscope objective lens (40x, NA = 0.65) at nor-
mal incidence and with a fixed linear polarization. The
SHG signal was collected by the same objective and di-
rected through a dichroic beamsplitter to a spectrometer
equipped with a 300 grooves/mm grating and a nitrogen-
cooled silicon charge-coupled device (CCD).
As shown in Fig. 2, an easy-to-measure SHG signal
(> 103 cts/s) appeared at wavelength 405 nm when the
laser beam (wavelength 810 nm) was focussed on encap-
sulated single- and few-layer InSe. Moreover, the SHG
response could be observed for both even and odd num-
ber of layers. No observable SHG signal was measured on
h-BN. The integrated SHG signal increases by more than
two orders of magnitude as the thickness of the InSe flake
increases from 1 to 10 layers (inset (a) to Fig. 2). Specif-
ically, the SHG signal depends quadratically on the layer
thickness, i.e. ISHG(2ω) ∝ d2, as shown in the inset (a)
in Fig. 2 where the integrated SHG intensity ISHG(2ω)
of the InSe flakes is plotted versus the layer number N
(with d ≈ N × 0.8 nm) on a logarithmic scale. Following
[20], the dependence of the SHG intensity on the flake
thickness is given by
ISHG(2ω) ∝ (lc|χ(2)eff |)2 sin2
(
pid
2lc
)
(2)
where d is the flake thickness, lc = 2pi/∆k ≈ 20 µm is the
coherence length and |χ(2)eff | is the effective nonlinear sus-
ceptibility determined by the sample geometry and the
non-zero components of the nonlinear sheet susceptibil-
ity tensor χ
(2)
sheet (|χ(2)eff | = |χ(2)sheet|/d). Thus, in the limit
of atomically thin films (i.e. d  lc), the SHG intensity
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FIG. 2. SHG spectra of single- and few-layer InSe at room
temperature. The inset (a) (plotted on a double logarithmic
scale) shows the quadratic increase (slope of ∼ 1.8) of the
integrated SHG with the number of layers. The error bars in
(a) are smaller than the symbol size. The inset (b) shows the
SHG spectrum of encapsulated single-layer InSe.
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FIG. 3. SHG characterization of encapsulated InSe. (a) Polar plot of the “parallel” SHG intensity I
‖
SHG(2ω) of single-layer InSe
as a function of rotation angle θ. Fitting the angular dependence to I
‖
SHG(2ω) ∝ cos2 3(θ− θ0) (solid purple line), the armchair
direction (dark blue arrow) of the sample is determined as θ0 = 28.1
◦ ± 0.2◦. This armchair direction is 30◦ from the zigzag
direction (light blue arrow). (b) Optical image of the InSe flakes before encapsulation. The armchair direction forms an angle
θ0 with respect to the “laboratory” axis (LAB). The indicated armchair (dark blue arrow) and zigzag (light blue arrow) edges
were determined by polarization-resolved SHG performed on the encapsulated sample.
ISHG(2ω) is expected to increase quadratically with the
number of layers, in good agreement with our observa-
tions (inset (a) to Fig. 2).
The relatively strong SHG signal facilitates an investi-
gation of the lattice symmetry and crystallographic orien-
tation of the thin flakes. The SHG intensity ISHG(2ω) is
strongly dependent on the polarization angle (θ−θ0) be-
tween the laser polarization E(ω) and the armchair direc-
tion of the crystal defined in Fig. 3(b). For polarization-
resolved SHG, the laser polarization was rotated about
the z-axis by a half-wave plate to vary θ, and the SHG
signal I
‖
SHG(2ω) (SHG polarization parallel to the excita-
tion polarization) was collected using an analyzer located
in front of the detector. The polar plot for single-layer
InSe in Fig. 3(a) shows a strongly varying 6-fold symme-
try of I
‖
SHG(2ω) ∝ cos2 3(θ−θ0). This directly reveals the
underlying symmetry and orientation of the single-layer
InSe flake. The initial orientation of the sample with
respect to the armchair direction of the crystal was de-
termined to be θ0 = 28.1
◦ ± 0.2◦. The sharp edges along
which the single-layer InSe flake cleaved during exfolia-
tion could therefore be clearly assigned to the armchair
and zigzag crystal axes, respectively (Fig. 3(b)).
To quantify the nonlinear response of single-layer InSe,
we follow the formalism of [21] where SHG from an ul-
trathin layer is treated as radiation from a nonlinear,
polarizable sheet embedded in a dielectric medium, with
boundary effects taken into account by Fresnel transmis-
sion coefficients. The second-order susceptibility |χ(2)sheet|
of InSe can be extracted from measurements of the in-
tensity of the SHG with respect to the driving intensity
via
ISHG(2ω) =
ω2
2c30
t4in(ω)t
2
out(2ω)|χ(2)sheet|2I2(ω) (3)
where tin(ω) and tout(2ω) account for the local field
correction factors due to the dielectric environment
determined by transfer matrix methods (“Essential
Macleod”). Relating the laser intensity I(ω) and the
SHG intensity ISHG(2ω) in Eq. (3) to the experimen-
tally measured time-averaged power values, we obtain
|χ(2)sheet| = (17.9 ± 11.0)× 10−20 m2 V−1 for single-layer
InSe. To compare to other nonlinear optical bulk mate-
rials, we estimate an effective bulk-like nonlinear suscep-
tibility |χ(2)eff | = (223 ± 138)×10−12 m V−1 by including
the thickness of the 2D material (d ≈ 0.8 nm). This value
is similar to the strong second-order optical susceptibility
measured for single- and few-layer GaSe [22].
In conclusion, we report an observation of SHG in
single-layer InSe under nonresonant excitation, yielding
a nonlinear sheet susceptibility with an estimated value
of |χ(2)eff | ≈ 223 pm V−1. Quantitative characterization
of the nonlinear response of single- and few-layer InSe
reveals the expected quadratic dependence of the SHG
signal on the number of layers. The crystalline symme-
try was probed by polarization-resolved SHG where the
4“petal” direction with maximum signal is parallel to the
in-plane In-Se or Se-In (armchair) direction. This al-
lowed for a fast and precise (± 0.2◦) assignment of the
sharp edges of the InSe flake to its crystal axes, demon-
strating that SHG serves as useful tool for the determina-
tion of the orientation of the material’s crystallographic
axes. The ability to distinguish different crystallographic
axes, even in encapsulated samples, can be exploited to
improve the quality of van der Waals heterostructures
by stacking various 2D materials with precise twist-angle
control.
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